cardiovascular diseases. Promotion of safer air quality appears to be a new challenge in cardiovascular disease prevention.
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Background
Air pollution is a major public health issue, leading to millions of premature deaths worldwide. Cardiovascular diseases account for 60-80% of air pollution-related deaths [1] . In line with the campaign launched in 2015 by the European Society of Cardiology, which aims to "raise awareness of the detrimental effects that the environment can have on the heart", we performed a review of publications reporting on the cardiovascular effects of air pollution. Although both indoor and outdoor air pollution exposure have a strong impact on cardiovascular diseases, we have focused our review on outdoor air pollution. We first introduce some basics on air pollution definition and sources, which are needed to present evidence arising from long-and short-term epidemiological studies. We then present some pathophysiological evidence, and propose a schematic overview of mechanistic pathways linking air pollution exposure to clinical events. We also present recent data on the enhancing effects of mitigation measures, and some future directions to overcome the limitations in environmental research.
Air pollution basics General definition
Air pollution is composed of particulate matter (PM) and gaseous components. PM is classified as coarse particles (diameter < 10 μm, ≥ 2.5 μm), fine particles (diameter < 2.5 μm, ≥ 0.1 μm) and ultrafine particles (nanoparticles, diameter < 0.1 μm). PM has a different composition depending on its source. Carbonaceous particles are derived from combustion sources, such as traffic emission or residential heating, while inorganic particles are represented by, for example, desert dust and mineral dust from agriculture. Carbonaceous particles are carbon based, but carry on their surface an amount of organic chemicals, such as polycyclic aromatic hydrocarbons and reactive metals [2] . Gaseous pollutants are nitrogen oxides including nitrogen dioxide (NO 2 ) and nitric oxide (NO), ozone, sulphur dioxide (SO 2 ), volatile organic compounds and carbon monoxide (CO). Besides their own toxicity, SO 2 and nitrogen oxides also contribute to particle formation through complex atmospheric photochemical reactions involving ammonia from agriculture. As they result from gaseous transformation, these particles are called secondary particles, and are essentially composed of inorganic compounds, such as ammonia, sulphates and nitrates. Ozone is a secondary gaseous pollutant, formed through a photochemical reaction involving sunlight and gaseous precursors such as nitrogen oxides or volatile organic compounds.
Outdoor air pollution sources
In Europe, agriculture is a major source of PM 2.5 . Nevertheless, particles from agriculture are mainly inorganic particles, which are usually considered to be less toxic than carbonaceous particles from combustion sources, such as road traffic. Assuming this difference in toxicity, road traffic and residential heating have the largest impact on outdoor air pollution-related mortality in Europe [1] . In North America, industry and power generation using fossil fuels are also important sources of PM. In Africa, natural sources, such as desert dust and biomass burning (natural or man-made fires), contribute largely to ambient air pollution concentrations. In Asia, residential heating and cooking are the main sources of particles in both outdoor and indoor emissions [1] . Besides the differences between countries and continents, strong differences exist between the main sources of pollutants within the same country, depending on local sources. In large cities, road traffic is a major contributor to global pollutant emissions, and is also the main source of NO 2 , arising mainly from diesel vehicles. In Paris, for example, road traffic accounts for 30% of PM emissions, as much as the residential sector, and nearly 60% of emissions of nitrogen oxides [3] . SO 2 mainly arises from industrial emissions and maritime transport; however, its contribution to air pollution is decreasing over the years.
Indoor air pollution
In 2010, air pollution led to 7 million premature deaths worldwide, with similar contributions made by indoor and outdoor air pollution [1] . However, indoor air pollution is more heterogeneous, with wide variations in pollutants and sources between countries. Worldwide, second-hand smoke is a major source of indoor air pollution. In Asia, cooking and heating with solid fuels are the main sources of indoor air pollution, whereas in Europe, several sources contribute to indoor pollution, such as volatile organic compounds from organic solvents, household products and PM from cooking and wood burning. Nevertheless, a recent European study demonstrated that 60% of the global burden of indoor air pollution-related disease comes from outdoor PM 2.5 penetrating inside via air exchange [4] . Consequently, decreasing the burden of disease from indoor air pollution requires measures that affect indoor air pollution sources, ventilation and filtration of outdoor air [4] .
Epidemiological evidence
Long-term exposure studies have investigated the cardiovascular effects of air pollution after annual variations in pollutant concentration, whereas short-term exposure studies have focused mainly on daily or hourly variations in pollutant concentrations. Most of the studies extrapolated the level of individual exposure to air pollution, taking into account background pollutant concentrations or road traffic exposure at the residential address.
Air pollution and cardiovascular mortality
Long-term exposure-A 2013 meta-analysis found that an average increase of 11% in cardiovascular mortality was associated with a 10 μg/m 3 increase in annual PM 2.5 concentration [5] . The strongest associations were observed for coronary artery diseaseassociated mortality [6] , and were persistent even after adjustment for cardiovascular factors and socioeconomic status. However, PM 2.5 adverse effects were higher for individuals with the lowest education in some studies, probably related to low antioxidant intake because of low fruit intake. Fine and ultrafine particles had the most important impact on cardiovascular mortality, compared with coarse particles. Furthermore, the composition of PM is an important issue to consider, with some findings showing higher cardiovascular toxicity of carbonaceous particles from combustion-derived sources, such as road traffic, fossil fuels and wood burning [7] . Combustion sources are also the leading source of NO 2 . A metaanalysis of cardiovascular effects of long-term exposure to NO 2 reported a 13% increase in cardiovascular mortality after a 10 μg/m 3 increase in annual NO 2 concentrations [8] . The effect of ozone appears to be less pronounced, with some long-term exposure studies showing a small increase in cardiopulmonary causes of death, but this was only observed during the warm season, and not in a yearly-based analysis. This may be explained by the fact that, unlike NO 2 , ozone pollution typically occurs during warm and sunny days, because its formation requires photochemical reactions involving sunlight. Long-term exposure to SO 2 has been strongly associated with respiratory mortality, although its impact on cardiovascular mortality remains unclear [9] .
Independent of air pollutant background concentration, long-term exposure to road traffic was strongly linked to cardiovascular mortality [10] . In a large-scale prospective study in women, living within 50 m of a major roadway increased the risk of sudden cardiac death by 38% compared with living ≥ 500 m away, and this effect remained, even after adjusting for potential confounders and cardiovascular risk factors [11] .
Short-term exposure-In a recent meta-analysis, a daily increment of 10 μg/m 3 in PM 2.5 exposure was associated with an increase in cardiovascular mortality of 0.84% [12] . A study examining short-term variations in NO 2 reported an increase in cardiovascular mortality of 0.4-0.88% for a 10 μg/m 3 daily increase in NO 2 [13] . Analysis of the effects of short-term variations in ozone on cardiovascular mortality remains controversial [14] .
Air pollution and coronary artery disease
Long-term exposure-Several studies reported a strong association between long-term exposure to air pollution and acute myocardial infarction. In a large-scale prospective European study, annual increases of 10 μg/m 3 in PM 10 and 5 μg/m3 in PM 2.5 were associated with increased risks of myocardial infarction of 12% and 13%, respectively [15] . Above all, these positive associations were observed despite air pollutant concentrations being below the current European policy recommended thresholds. Several studies indicated that long-term exposure to PM 2.5 promotes premature arteriosclerosis. In a prospective cohort study, exposure to PM 2.5 and traffic-related air pollution were significantly associated with an increased coronary artery calcium score [16] . A similar observation was made with road traffic exposure, with respective increased risks of a high coronary artery calcium score of 63% and 34% for people living within 50 m and 50-100 m from a major road, compared with people living 200 m away [17] .
Short-term exposure-A short-term increase in air pollution has been shown to be capable of triggering acute coronary syndromes [18] , and the strongest associations were observed with concurrent-day or last 2 days' mean air pollutant exposure [19] . In a meta-analysis reviewing triggers for non-fatal myocardial infarction, exposure to air pollution and road traffic were the most important factors at the population level, considering that a large number of people are exposed [20] . Regarding more specifically the risk of ST-segment elevation myocardial infarction, a recent study demonstrated that each 10 μg/m 3 increase in PM 2.5 during the 24 hours preceding the event was associated with an increased risk of 2.8%, whereas a similar increase in NO 2 was associated with an increased risk of 5.1%. The risk related to PM appeared to be greater among the elderly, while younger patients appeared to be more susceptible to NO 2 exposure [21] . A short-term increase in ozone was also associated with acute coronary events in middle-aged adults with no pre-existing cardiovascular diseases [22] .
Air pollution and other cardiovascular outcomes
Arrhythmia and sudden death-Associations between air pollution and arrhythmia are still a matter of debate. However, in several studies, daily changes in PM 2.5 or NO 2 concentrations were associated with an increased risk of hospital admissions for arrhythmia [23] . Several studies reported associations between short-and long-term exposure to particulate air pollution and reduced heart rate variability, which is considered to be a marker of autonomic nervous system imbalance, and a risk factor for cardiovascular mortality [24] . Studies in patients with no cardiovascular diseases also reported some association between long-term exposure to PM and QT prolongation [25] . Associations between air pollution and malign arrhythmia were also reported by studies on patients with implantable defibrillators [26] , and short-term variations in PM 2.5 and ozone have been associated with out-ofhospital cardiac arrest [27] .
Heart failure-A meta-analysis concluded that there was a positive association between short-term increases in PM and gaseous components (NO 2 , SO 2 , CO) and an increased risk of hospitalization or death from congestive heart failure, with the strongest associations on the day of exposure, and more persistent effects for PM 2.5 [28] .
Stroke-Data from the Global Burden of Diseases 2013, collected in 188 countries between 1990 and 2013, demonstrated that air pollution contributed to 29% of the burden of stroke [29] . Several studies found positive associations between long-and short-term exposure to air pollution and stroke incidence and mortality [30, 31] . A prospective European study found a 19% increased risk of stroke associated with a 5 μg/m 3 increase in annual PM 2.5 , with the strongest associations found among those who had never smoked. As previously described for myocardial infarction, the risk was still increased at pollution levels below current European air quality standards [32] . Exposure to road traffic also increased the risk of stroke, with strong associations with ischaemic stroke observed in subjects living within 75 m of a main road [33] . Hourly or daily changes in pollutant concentrations were also related to an increased risk of stroke and stroke mortality, with a strong association between ultrafine particles and stroke mortality [34] . Short-term increases in gaseous compounds, such as NO 2 , SO 2 and CO, also increased the risk of stroke. Regarding ozone, some studies reported an increased risk of stroke after a short-term increase in ozone [35] , while some investigations did not find any association [36] .
Hypertension-Several studies have recently demonstrated that the risk of hypertension is increased by exposure to air pollution -most especially, traffic-related pollutants [37, 38] .
Association between air pollutants and biomarkers of oxidative stress and inflammation
Long-term exposure to PM 2.5 , especially exposure to the polycyclic aromatic hydrocarbons found at the surface of traffic-related PM, was associated with an increased level of 8-hydroxy-2′-deoxyguanosine, a stable and reliable biomarker of oxidative DNA damage, in exposed individuals such as street policemen, bus drivers and garage workers [39] . Similarly, the presence of etheno-DNA adducts were twice as high in diesel engine workers compared with the non-diesel-exposed workers [40] . Different studies reported an association between air pollution exposure and increased plasma concentrations of oxidized low-density lipoprotein, homocysteine, inflammatory markers (interleukin-1, interleukin-6, tumour necrosis factor-α, C-reactive protein) and fibrinogen [41] . More recently, increased concentrations of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 have been associated with air pollution exposure [42] . Exposure to air pollution may facilitate the expression of inflammatory genes, as indicated in studies that reported upregulation of antioxidant genes and a decrease in "global" DNA methylation [42] .
Effects of mitigation manoeuvers
Tokyo introduced a diesel emission control ordinance in 2003 to improve air quality. This regulation resulted in a 44% decrease in PM from traffic between 2003 and 2012. During the same period, mortality rates in Tokyo were compared with those in Osaka, which introduced such a regulation later (in 2009). After adjustment for mortality rates in Osaka, global cardiovascular mortality in Tokyo decreased by 11%, driven by a 10% decrease in ischaemic heart disease mortality [43] . The effectiveness of strategies to eliminate or reduce particle exposure, such as particle traps or face-masks, remains under investigation. At first glance, the efficiency of a facemask as individual protection against particle exposure appears limited, given that ultrafine particles, which constitute the major part of traffic-related PM, are not stopped by facemasks. However, some studies on patients with coronary heart disease living in high-polluted areas reported that high-efficiency facemasks reduced the acute cardiovascular effects related to air pollution [44] .
Current study limitations and future directions
In most of the epidemiological studies available, individual exposure assessment uses either a mean pollutant outdoor concentration recorded at a regional level or an extrapolated concentration at the individual address estimated from a concentration recorded at the nearest fixed monitoring station. Such an approach does not take into account time spent inside, and can generate some exposure misclassification. A better assessment of air pollutant exposure is required through the development of an individual exposure monitoring system or, as recently performed, the use of real-time modelling of air pollutant concentration [21] . Another study limitation is related to the underestimation of the contribution of fine and ultrafine particles in ambient air particle measurements. Indeed, actual standards for particle measurements only take into account the particulate mass, which is ideal for the measurements of coarse particles, such as PM 10 , but not for ultrafine particles, which have a negligible mass [45] . Furthermore, ultrafine particles account for more than 90% of particles emitted by road traffic. Thus, there is an urgent need for studies assessing population exposure, by taking into account the number of particles -and not only their mass -using, for example, particle counters, which can detect each particle whatever its size.
In addition to exposure assessment, other methodological issues include the procedures for case ascertainment (hospital-or population-based, exhaustiveness, misclassification of time of event onset results), the study design (case crossover, time series study) and the outcome evaluated (incidence, hospital admission, mortality, etc.). Moreover, studies are limited for the evaluation of the interaction between pollutants because of their high statistical correlation. Estimation of the joint effects of exposure to PM, gas and noise is challenging, and indicates a need for new multipollutant modelling.
Pathophysiological evidence
Environmental research on air pollution integrates results of numerous animal and human interventional studies. In humans, such studies consist mostly of randomized double-blind crossover studies performed in dedicated chambers, allowing full standardization of air pollutant exposure. In these exposure chambers, healthy volunteers, but also patients with stable coronary artery disease are usually exposed to controlled amounts of dilute diesel exhaust or filtered air, and perform exercise on a bicycle ergometer. The duration of exposure is generally limited to 1 or 2 hours, and the achieved concentrations of PM are close to those observed during a severe air pollution episode. Because of the previously described limitations of epidemiological studies, these studies reinforce the evidence of air pollution-mediated cardiovascular toxicity. Furthermore, these experimental designs describe the pathophysiological pathways involved in air pollution-related cardiovascular disease (Fig. 1) .
From oxidative stress to endothelial dysfunction
Numerous studies have confirmed that air pollution exposure is followed by an intense oxidative stress reaction initiated by PM entering the lung. However, this lung oxidative reaction is amplified through stimulation of different enzymatic pathways, and finally leads to a systemic vascular oxidative stress reaction. A recent study demonstrated an acquired oxidative capacity of serum from people exposed to diesel exhaust. After incubating endothelial cell cultures with serum from subjects who were exposed to air pollution voluntarily, superoxide anion production (reactive oxygen species [ROS]) was observed, following a dose-response pattern directly related to the amount of inhaled PM 2.5 [46] . The major role of ROS production was also supported by in vitro studies, which reported that superoxide dismutase reverses the adverse vascular effect following diesel exhaust exposure [47] . Several studies demonstrated that the oxidative stress reaction was mostly related to the surface compounds coating diesel particles, such as transition metals, polycyclic aromatic hydrocarbons and quinones [47] . Although oxidative stress is mainly related to particles, gaseous compounds, such as NO 2 , are also involved in ROS generation as peroxynitrite.
One final common pathway of endothelial oxidative stress is the decrease in the availability of NO, a key regulator of vascular tone. Exposure to diesel exhaust, compared with filtered air, led to impaired endothelium-dependent mediated vasodilatation and decreased endothelial NO bioavailability [48] . Endothelial dysfunction is considered an early marker of atherosclerosis [2, 49] and some early functional consequences can be observed on different vascular beds. When patients with stable coronary heart disease were exposed to diesel exhaust, a decrease in ischaemic threshold was observed, suggesting an adverse influence of air pollution on myocardial blood flow regulation [50] . Acute exposure to diesel exhaust is also followed by an increase in pulmonary vascular resistance and a decrease in pulmonary vessel distensibility at high cardiac output, which may participate in the influence of air pollution on an acute heart failure episode [51] . Acute arterial vasoconstriction was also observed in the systemic circulation in healthy adults exposed to diesel exhaust [52] .
From endothelial dysfunction to atherogenesis
In addition to endothelial dysfunction, air pollution also induces oxidative stress, which is followed by alteration of circulating lipids. Air pollution favours oxidized low-density lipoprotein generation and the release of other highly oxidized phospholipids [49] . These proatherogenic molecules diffuse into the subendothelial space and further activate endothelial cells. Activation of endothelial cells following air pollution exposure is characterized by the release of proinflammatory adhesion molecules, such as vascular cell adhesion molecule-1 and monocyte chemotactic protein-1, which ensure monocyte recruitment and their differentiation into macrophages in the subendothelial space [2, 49] . Furthermore, air pollution is associated with impairment of antiatherogenic molecules, such as high-density lipoprotein [53] . A reduced high-density lipoprotein antioxidant capacity was also found in an animal study, with ultra-fine particles having a larger effect compared with PM 2.5 [49] . Consequently, air pollution exposure promotes vascular inflammation, lipid accumulation in foam cells [54] and plaque progression [55] .
From atherogenesis to atherothrombosis
In healthy adults exposed to diesel exhaust, platelet activation and increased thrombus formation were reported [56] . Similar findings were also observed in patients with coronary artery disease exposed to diesel exhaust, as well as inhibition of endogenous fibrinolytic capacity, demonstrated by a reduction in acute tissue activator plasminogen release [50] . Air pollution exposure also induces some endothelial injuries, characterized by increased endothelial cell apoptosis [57] , a decreased circulating level of endothelial progenitor cells [58] and tight junction protein degradation [49, 59] . A rise in interleukin-6 observed after PM inhalation leads to increased fibrinogen, factor VIII and tissue factor release [2, 52] . Furthermore, interleukin-6 and other proinflammatory molecules trigger platelet activation. With -at the same time -a disrupted endothelial cell barrier, an increase in coagulation factors, a reduction in fibrinolytic capacity and platelet activation, air pollution accumulates all the conditions needed to promote thrombus formation.
Study limitations and future directions
Long-term exposure effects were only investigated in animals, especially rats, and confirmed an increase in arteriosclerosis [60] . All these experimental studies provide robust information regarding the acute effects of air pollution exposure and, above all, they provide strong evidence for diesel toxicity. While diesel exhaust has been widely studied, specific exposure to gasoline exhaust has not been tested in exposition chambers. Cars with gasoline engines produce, albeit to a lesser extent, fine and ultrafine particles, and their composition and health effects remain to be investigated, and cannot be extrapolated easily from diesel exhaust toxicity. Traffic emissions also include non-exhaust emissions, such as metals from brake wear particles, which could also lead to oxidative stress reactions, but their specific effects have not been studied extensively [61] . Compared with the large number of studies establishing some atherogenic effects of air pollution, an understanding of how acute air pollution exposure may trigger coronary plaque rupture is needed from further studies. At least, a human experimental model of pollutant exposure can be used to study the interaction between air pollutants and other pollutants, such as noise exposure.
Effects of mitigation manoeuvres
Exposure to diesel exhaust with commonly used particulate filters for diesel cars has not been investigated in interventional studies involving humans. One study reported a decreased adverse vascular reaction with filtered diesel exhaust, but the filter used in this study was highly efficient, and is not applicable to control vehicle emission at this stage [47] . However, a study performed on human bronchial epithelial cells exposed to diesel exhaust with a diesel particulate filter showed persistent oxidative stress reactions and a tumorigenic effect, probably caused by gaseous exhaust and the smallest nanoparticles not stopped by the filter [62] . Several studies reported that the intake of antioxidants and anti-inflammatory nutrients, such as vitamins B, C and E and omega-3 polyunsaturated fatty acids, could reduce air pollution oxidative effects [63] . For example, higher intake of vitamin B6, B12 and folate reduced the effect of air pollution on heart rate variability. Decreased levels of markers of lipid and protein oxidative damage were also associated with vitamin C and E supplementation [63] . However, even if intake of essential micronutrients could counteract the oxidative and inflammatory effects of air pollution, a clinical benefit of these nutritional strategies remains to be proved in the particular setting of air pollution.
Conclusions
Epidemiological studies have reported that exposure to air pollution increases long-and short-term cardiovascular mortality through an increase in myocardial infarction, stroke and heart failure events. Although the cardiovascular risk increases with the level and duration of exposure, all the studies concluded that there is no safe threshold below which there is no effect. Interventional controlled studies provide some explanations of the mechanisms involved. Air pollution -particularly diesel exhaust -is followed by a dramatic increase in ROS generation, which impairs nitric oxide-mediated vasodilatation and promotes vascular inflammation. Acute functional consequences of air pollution exposure have been clearly demonstrated in myocardial and pulmonary blood flow regulation, but also in coagulation function. Combustion-derived particles have strong adverse effects attributable to their small sizes (ultrafine particles) and to the polycyclic aromatic hydrocarbons and metals that they carry on their surface. While ultrafine particles have a major cardiovascular effect, their concentrations in ambient air are strongly underestimated by actual standards and measurements. Furthermore, in urban areas, traffic is also the leading source of NO 2 , which has been recently associated with the risk of ST-segment elevation myocardial infarction. As recently endorsed by European Society of Cardiology, the available scientific evidence supports the plan that efforts to reduce exposure to air pollution should urgently be intensified and supported by appropriate and effective legislation.
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